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(54) IViethod and apparatus for producing homoepltaxlal diamorid thin film 



(57) A method lor producing homoepitaxlal diamond 
thin film is provided which includes a step of effecting 
plasma assisted GVD with the carbon source concen- 
tration of a mixed gas of a carbon source and hydrogen 
set to a first low level for depositing a high-quality ho- 



moepitaxial diamond thin film on a substrate at a low 
film forming rate and a step of thereafter effecting the 
plasma assisted CVD with said carbon source concen- 
tration set to a second level higher than the first level. 
An apparatus is provided for carrying out the method. 
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Description 

[0001] This Invention relates to a method and an ap- 
paratus for producing homoepitaxial diamond thin filnr^ 
on a substrate surface by plasma assisted CVD using a 
mixed gas of a carbon source and hydrogen reaction 

gas. 

[0002] The semiconductor IC, now used widely in low- 
voltage applications, is increasingly being seen as also 
having strong potential in high-voltage power applica- 
tions. This marks the advent of the power electronics 
era. The main factor limiting the performance of a power 
electronics device is the heat resistance of its material. 
Si, the primary material used in semiconductor develop- 
ment up to now, is usable only at temperatures under 
200°C. On the other hand, diamond is a wide-band-gap 
semiconductor with excellent, physical and chemical 
properties enabling operation even at lOOO^C. 
[0003] The electron structure of a crystal usually pre- 
vents electrons from assuming energies in what is re- 
ferred to as the energy band gap. Unless excited by an 
energy such as heat or light, electrons below the band 
gap (in the valence band) cannot move to a high-energy 
state above the band gap (to the conduction band). If a 
substance constituting an electron source at room tem- 
perature (an n-type substance called a donor) is intro- 
duced into the semiconductor near the upper end of the 
band gap, conduction electrons (serving as information 
media in an electronic device) are supplied into conduc- 
tion band. If a substance that absorbs valence electrons 
(a p-type substance called an acceptor) is introduced 
into the band gap hear the valence band, holes serving 
as information media are supplied into the valence 
band. When the environment is such that electrons 
cross the band gap from the valence band to the con- 
duction band to form electron-hole pairs, the electronic 
device cannot function (Intrinsic region). The environ- 
ment robustness of an electronic device is determined 
solely by band-gap width. The band gap of Si. the main- 
stay of today's semiconductor industry, is 1.11 eV That 
of diamond is 5.45eV. Therefore, Si loses its n-type or 
p-type property at around 300°C but diamond can retain 
its n-type or p-type property even at temperatures above 
lOOO^C. Owing to its large band gap, diamond also re- 
sists electron-hole formation by high-energy radiation. 
In addition, diamond's high hole mobility and small die- 
lectric constant enable high-frequency device opera- 
tion, while its high heat conductivity facilitates device 
miniaturization and high-density integration. Owing to its 
chemical stability, high heat conductivity, negative or 
slight electron affinity, and other properties not pos- 
sessed by other electronic materials, diamond has also 
recently come to be seen as a promising material for the 
high-efficiency electron emitters used in flat panel dis- 
plays. Diamond can thus be considered an ideal mate- 
rial for both conventional electronics applications and in 
all sectors of power electronics including those related 
to next-generation energies. 



[0004] Such use of diamond thin film as a semicon- 
ductor material requires the capability to produce sem- 
iconductor-grade homoepitaxial diamond film with 
atomic level surface smoothness (flatness) and sub- 

5 stantially no defects or impurities. 

[0005] High-grade homoepitaxial diamond film exhib- 
iting these qualities is known to be producible by plasma 
assisted CVD with the concentration of the carbon 
source gas set to not higher than 0.05%. 

1 0 [0006] This method is not practical, however, because 
the film forming rate depends on the carbon source gas 
concentration and Is O.OlMm/h when the concentration 
is 0.05% or lower. 

[0007] When the carbon source gas concentration Is 
IS increased in an attempt to speed up film formation, the 
thin film formed comes to include many Impurities and 
defects and cannot be used as a semiconductor mate- 
rial. 

[0008] An object of the invention is to provide a meth- 
20 od and apparatus for producing high-quality homoepi- 
taxial diamond thin film usable as semiconductor mate- 
rial at a practical film forming rate. 
[0009] The invention provides a method for producing 
homoepitaxial diamond thin film by effecting plasma as- 
25 sisted CVD using a mixed gas of a carbon source and 
hydrogen as a reaction gas to deposit homoepitaxial 
diamond thin film on a surface of a substrate, the method 
being characterised by the steps of effecting plasma as- 
sisted CVD with a carbon source concentration of the 
30 mixed gas set to a first low level for depositing a high- 
quality homoepitaxial diamond thin film at a low film 
forming rate, and thereafter effecting the plasma assist- 
ed CVD with said carbon source concentration set to a 
second level higher than the first level. 
35 [001 0] The invention f u rther provides an apparatus for 
producing homoepitaxial diamond thin film by effecting 
plasma assisted CVD using a mixed gas of a carbon 
source and hydrogen as a reaction gas to deposit ho- 
moepitaxial diamond thin film on a surface of a sub- 
40 slrate, the apparatus being characterised by a reaction 
chamber for effecting plasma assisted CVD with a car- 
bon source concentration of the mixed gas set to a first 
low level for depositing a high-quality homoepitaxial dia- 
mond thin film at a low film forming rate and thereafter 
45 effecting the plasma assisted CVD with said carbon 
source concentration set to a second level higher than 
the first level, and a device connected to the reaction 
chamber for controlling the carbon source concentration 
of the mixed gas. 
so [0011] In this invention, when the synthesis by plasma 
assisted CVD Is effected in a clean vacuum apparatus 
with the concentration of the supplied carbon source set 
to 0.025%-0.3% as the first concentration level, the film 
forming rate is 0.13jim/h or less and a high-quality bo- 
ss moepitaxial diamond thin film with atomic level surface 
flatness is synthesized. When the carbon source con- 
centration is thereafter changed to 0.3%-1.0% as the 
second concentration level, a homoepitaxial diamond 
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thin film is formed at the rate of 0.15-0.4^nrt/h with no 
change in the high quality of the film. In other words, the 
invention was accomplished based on the discovery 
that imparting an ideal state to the surface of the sub- 
strate during the initial phase of diamond growth ena- s 
bles formation of a high-quality film thereafter even if the 
epitaxial growth reflecting the new surface (ground sur- 
face) is increased to a high rate. 
[0012] A preferred embodiment of the invention will 
be described by way of example only, with reference to io 
the accompanying drawings in which: 

Figure 1 is a schematic view showing an end- 
launch-type microwave plasma assisted CVD dia- 
mond synthesizer that is an embodiment of the ap- 
paratus for producing homoepitaxial diamond thin 
film according to the invention; 
Figure 2 is a graph showing the supplied carbon 
source concentration dependence of synthetic dia- 
mond thin film forming rate; 

Figure 3 shows optical micrographs of synthetic dia- 
mond film surfaces obtained at different carbon 
source concentrations, Figures 3(a), 3(b) and 3(c) 
showing surfaces obtained at carbon source con- 
centrations of 0.5%, 0.3% and 0.05%, respectively: 25 
Figure 4(a) is an optical micrograph and Figure 4(b) 
is an atomic force microscope (AFM) image of the 
surface of a diamond film grown over 42h at a car- 
bon source concentration of 0.025%; 
Figure 5 shows the ultraviolet region cathodolumi- 30 
nescence (CL) spectra of synthetic diamond films 
formed at carbon source concentrations of 0.15%, 
0.3% and 0.05%; 

Figure 6(a) is an optical micrograph of the surface 
of diamond thin film first grown at a carbon source 3S 
concentration of 0.05% and thereafter grown at a 
carbon source concentration of 0.5%; 
Figure 6(b) is an optical micrograph of the surface 
of diamond thin film first grown at a carbon source 
concentration of 0.05% and thereafter grown at a 40 
carbon source concentration of 0.3%; and 
Figure 7 is a graph showing how the density of un- 
epitaxial crystallites of a diamond thin film synthe- 
sized by the invention method varies with carbon 
source concentration, ^ 

[0013] Figure 1 shows an embodiment of the appara- 
tus for producing homoepitaxial diamond thin film ac- 
cording to the invention. The illustrated apparatus is 
configured as an end-launch-type microwave plasma 
assisted CVD diamond synthesizer that projects micro- 
waves normally to the surface of a substrate. 
[0014] The synthesizer is equipped with a magnetron 
1 whose microwave output can be regulated. Micro- 
waves emitted by the magnetron 1 at a prescribed out- 
put power advance through a waveguide 11 toward an 
applicator 5. The microwaves are partially reflected 
back toward the magnetron 1 . In order to prevent deg- 



radation of the magnetron 1, a circulator 2 for heat-ab- 
sorbing only the reflected waves in a water load and a 
dummy load 3 are provided in the waveguide 11. The 
impedance of the waveguide 11 is regulated by a three- 
rod tuner 4 so as to suppress microwave reflection and 
enable all input electric power to be consumed for pro- 
ducing plasma. The TE01 mode microwaves advancing 
through the waveguide 11 are converted into concentric 
Tf^OI mode microwaves by an antenna projecting into 
the applicator 5 and then introduced into a reaction 
chamber 12. The matching of the microwaves by the 
conversion to TM01 mode produces a stable plasma in 
the cylindrical reaction chamber 12. 
[001 5] Carbon source gas and hydrogen gas from gas 
cylinders 13 and 14 pass through pressure reducing 
valves and mass flow controllers 1 3a and 1 4a for regu- 
lating gas flow into an inlet pipe 6 to be supplied to the 
reaction chamber 12 as mixed reaction gas. The mass 
controller for the carbon source gas is a high -precis ion 
unit enabling the carbon source content of the mixed gas 
to be regulated to 0.5% and lower. 
[0016] A turbo pump 7 and a rotary pump 8 are oper- 
ated to evacuate the interior of the reaction chamber 12 
to the 10-s Torr level. During synthesis, gas is dis- 
charged from the reaction chamber 12 by a process 
pump 9, the mass controllers 1 3a and 1 4a are regulated 
to supply the reaction chamber 12 with reaction gas 
composed of hydrogen gas having a carbon source con- 
centration of 0.025%-0.3%, the substrate (not shown) Is 
heated to a prescribed temperature by a high-frequency 
heater 1 0, and microwaves are introduced to grow a dia- 
mond thin film on the substrate surface. After a thin film 
has been formed on the surface of the substrate to a 
thickness on the order of the substrate surface rough- 
ness (peak-to-valley approx. 20nm-200nm). the carbon 
source concentration in the reaction chamber 12 is 
changed to 0.3%-1.0% and synthesis is continued. Al- 
though the time required to form a thin film on the sub- 
strate surface to a thickness on the order of the sub- 
strate surface roughness varies with the carbon source 
concentration, it falls in the range of 2-3 hours. When 
the carbon source concentration Is initially set low to 
form a high-quality thin film in this manner, the film form- 
ing rate can thereafter be increased to a practical level 
of 0.15-0.4nm/hr by raising the carbon source concen- 
tration to0.37o-1 .0% and the diamond thin film synthesis 
can be continued with no change In the high quality of 
the synthesized film. The principle of diamond thin film 
synthesis adopted is thus to impart the surface of the 
substrate with an ideal surface state during the concen- 
tration toO.3%-1 .0% and the diamond thin film synthesis 
can be continued with no change in the high quality of 
the synthesized film. The principle of diamond thin film 
synthesis adopted is thus to Impart the surface of the 
substrate with an ideal surface state during the initial 
phase of epitaxial diamond growth so as to enable un- 
hindered formation of a high-quality film thereafter even 
when the epitaxial growth reflecting the new surface 
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(ground surface) is increased to a high rate, A solid sub- 
strate of the type ordinarily used for diamond thin film 
formation can be used as the substrate in the invention. 
[0017] Homoepitaxial diamond thin films formed ac- 
cording to the invention were evaluated by different s 
measurements. The results are detailed in the following. 
The surface morphology of the films was evaluated us- 
ing an optical microscope and an atomic force micro- 
scope (AFM). Perfection of the synthesized crystal was 
evaluated by cathodoluminescence (CL) spectroscopy. io 
The film forming rate was calculated from the film thick- 
ness and synthesis time and the growth pattern at low 
concentration was studied with reference to the surface 
morphology evaluation. 

[0018] First, film grown without varying the carbon 15 
source content of the reaction gas was evaluated. The 
result of this evaluation was then used to study the effect 
of growing film by the invention method of changing the 
reaction gas composition in the course of the synthesis. 
High-purity methane (CH4) gas was used as the carbon 20 
source. Any of various other commonly used carbon- 
containing gases having O and/or H in their molecules 
can also be used as the cartxsn source. Such gases in- 
clude CO2. CO, C2H2, CgHg, 

[0019] The methane concentration dependence of 25 
the thin film growth rate was examined using a tracing- 
probe step gage. The results are shown in Figure 2. The 
Insert in Figure 2 is an enlargement of the low-concen- 
tration region. The horizontal axis is scaled for methane 
concentration and the vertical axis for film forming rate. 30 
It will be noted that in the low-concentration region the 
film forming rate depends heavily on the supplied car- 
bon source concentration. It will also noted that the film 
forming rate does not pass through the origin of the 
graph but becomes negative at a carbon source con- 3S 
centration ot 0%. In other words, a solely hydrogen plas- 
ma produces etching. Published reports regarding hy- 
drogen plasma etching point out that, among other is- 
sues, it experiences difficulty in controlling surface mor- 
phology and increases surface roughness over long 40 
etching periods. 

[0020] As the film forming rate is substantially directly 
proportional to the supplied carbon source concentra- 
tion in the concentration range between 0.025% and 
0.5%, this range can be seen to be a supply-controlled 
region in which diamond growth varies directly with the 
amount of methane supplied, it is considered to be a 
region in which a single growth pattern prevails. 
[0021] On the other hand, in the methane concentra- 
tion region exceeding 0.5%, the increase in film forming 
rate with increase in concentration slows and deviates 
from proportional (supply-controlled) to shift downward 
(diffusion-controlled). Here the diamond growth pro- 
ceeds preferentially in unepitaxial mode and constitu- 
ents other than diamond (graphite and other amorphous 5S 
substances) are incorporated to degrade film quality. 
[0022] Next, the total gas flow rate was set at 400 SC- 
CM and diamond thin films were grown on substrates 



by conducting plasma assisted CVD for 6h at methane 
gas concentrations of 0.57o. 0.3% and 0.05%. all of 
which fall in the supply-controlled region. 
[0023] Figures 3(a), 3(b) and 3(c) are optical micro- 
graphs showing the surface morphologies obtained at 
methane source concentrations of 0.5%, 0.3% and 
0.05%, respectively. 

[0024] As seen in Figure 3(a), unepitaxial crystallites 
and growth hillocks occurred in the thin film grown at 
0.5% concentration. As seen in Figure 3{b), the surface 
morphology of the thin film grown at 0.3% concentration 
showed macrobunching running parallel to the [110] di- 
rection, indicating that the film was grown by step-flow. 
Unepitaxial crystallites can also be observed but at a 
lower density than in the film grown at 0.5% concentra- 
tion. As seen in Figure 3(c), the thin film grown at 0.05% 
concentration exhibited a flatter surface morphology 
with no microbunching, unepitaxial crystallites or growth 
hillocks. The surface morphologies of these films did not 
change when the growth period was extended beyond 
6h. 

[0025] Figure 4(a) is an optical micrograph and Figure 
4(b) is an atomic force microscope (AFM) image of a 
diamond thin film grown over 42h at a carbon source 
concentration of 0.025%. Figure 4(a) shows the surface 
morphology to be extremely flat. From Figure 4(b), in 
which steps are observable at the atomic level, it can be 
concluded that the diamond growth was under step-flow 
mode control. In step-flow growth, thin film growth oc- 
curs only from the atomic level step edge and proceeds 
epitaxially to reflect the substrate surface structure and 
produce a large single-crystal region with high atomic 
level flatness (sometimes covering the whole sub- 
strate). It is therefore a growth mode that produces ex- 
cellenj thin films suitable tor electronic devices. 
[0026] Figure 5 shows the ultraviolet region cathodo- 
luminescence (CL) spectra of synthetic diamond films 
formed at carbon source concentrations of 0.15% (thin- 
line curve), 0.3% (medium) and 0.05% (thick). The emis- 
sion at 235nm is near-band-gap emission (exitonic 
emission) associated with the 5.45eV energy band gap 
of diamond. Near-band-gap emission at room tempera- 
ture is a direct indication of high film quality. When im- 
purities and/or defects and the like are present in the 
film, emission in the band gap is impeded by the appear- 
ance of recombination centers and no near-band-gap 
emission (visible and/or infrared emission) is obtained. 
The results obtained therefore indicate that the synthetic 
diamond films grown by plasma assisted CVD at low 
methane concentrations of 0.3% and below were of out- 
standingly good quality. 

[0027] Although it was confirmed that homoepitaxial 
diamond thin film of excellent quality can be obtained by 
lowering the methane concentration to 0.3% or below, 
the film forming rate under such condition is no nnore than 
0.13fam/h, which impractically slow. When the methane 
concentration is 0.025% or lower the film forming rate 
falls to a totally impractical level around 0.02pm/h. 
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[0028] This invention was accomplished based on the 
thinking that since it was found that an ideal honruaepi- 
taxial diamond surlace can be obtained by synthesis at 
a low carbon source concentration, it should be possible 
to form a high-quality diamond thin film by thereafter ef- 
fecting epitaxial growth on the ideal surface. When this 
idea was tested, it was found that a high-quality ho- 
moepitaxial diamond thin film can be formed at a prac- 
tical film forming rate by, in the first stage, carrying out 
synthesis at a low carbon source concentration of 
0.025%-0.3% and. in the second stage, carrying out the 
synthesis with the supplied carbon source concentration 
increased to 0.3%-1 .0%. 

[0029] Figure 6(a) is an optical micrograph of a dia- 
mond thin film first grown for 3h at a methane concen- 
tration of 0.05% and thereafter grown for 6h at a meth- 
ane concentration of 0.5%, Figure 6(b) is an optical mi- 
crograph of a diamond thin film first grown at a methane 
concentration of 0.05% for 3h and thereafter grown at a 
methane concentration of 0.3% for 6h. It can be seen 
that in either case the synthesis produced a flat diamond 
thin film having few growth hillocks and unepitaxial crys- 
tallites. 

[0030] In the graph of Figure 7, the empty circles in- 
dicate the density of unepitaxial crystallites In films ob- 
tained according to the invention by first conducting syn- 
thesis for 3h at a methane concentration of 0.05% and 
thereafter conducting synthesis for 6h with the methane 
concentratbn changed to 0.3%, 0.5% and 1.0%. 
[0031] The solid circles in Figure 7 indicate the density 
of unepitaxial crystallites In films produced for compar- 
ison by conducting synthesis for Bh at unchanged meth- 
ane concentrations of 0.05%, 0.15%, 0.3%, 0.5%, 1 .0% 
and 1.8%. 

[0032] This graph shows that the unepitaxial crystal- 
lite density of the film first grown at a methane concen- 
tration of 0.05% and then grown at a methane concen- 
tration of 0.5% is more than an order of ten kswer (better) 
than that of the film grown throughout at a methane con- 
centration of 0.5%. 

[0033] At an unepitaxial crystallite density on the or- 
der of 10"^ per lcm2, the probability of a given lOO^m 
square area including an unepitaxial crystallite is around 
fifty-fifty. This is far lower than the unepitaxial crystallite 
density by conventional diamond synthesis methods. 
The thickness of the films grown according to the inven- 
tion were substantially the same as those of the films 
grown for 6h at unchanged methane concentrations of 
0.57o and 0.3%. These results demonstrate that the first 
stage process of effecting synthesis at a low carbon 
source concentration of 0.025%-0.3% makes it possible 
to obtain an excellent surface morphology with a very 
low density of unepitaxial crystallites even when the film 
forming rate is thereafter increased to a high level by 
changing the carbon source concentratksn to 0.3%- 
0.5%. The cathodoluminescence (CL) spectra obtained 
for the invention thin films exhibited near-band-gap 
emission at room temperature. 



[0034] In the production of homoepitaxial diamond 
thin film by effecting plasma assisted CVD using a mixed 
gas of a carbon source and hydrogen as a reaction gas 
to deposit homoepitaxial diamond thin film on a surface 

5 of a substrate, this invention enables production of high- 
quality homoepitaxial diamond thin film at a high film 
forming rate by effecting plasma assisted CVD with the 
carbon source concentration of the mixed gas set to a 
first low level for depositing a high-quality homoepitaxial 

10 diamond thin film at a lowfilm forming rate and thereafter 
effecting the plasma assisted CVD with the carbon 
source concentration set to a second level higher than 
the first level. The growth of the diamond film at the low 
(0 025%-0.3%) carbon source concentration produces 

IS a diamond thin film with atomic level surface flatness 
throughout. When synthesis is thereafter conducted on 
this diamond thin film at a high carbon source concen- 
tration (0.3%-1 .0%), unepitaxial growth such as of crys- 
tallites and growth on hillocks and other terraces is sup- 

20 pressed. 



Claims 

25 1, A method for producing homoepitaxial diamond thin 
film by effecting plasma assisted CVD using a 
mixed gas of a carbon source and hydrogen as a 
reaction gas to deposit homoepitaxial diamond thin 
film on a surface of a substrate, 

30 

the method being characterised by the steps of 
effecting plasma assisted CVD with a carbon 
source concentration of the mixed gas set to a 
first low level for depositing a high-quality bo- 
ss moepitaxial diamond thin film at a low film form- 
ing rate, and 

thereafter effecting the plasma assisted CVD 
with said carbon source concentration set to a 
second level higher than the first level. 

40 

2. The method according to claim 1 , 
characterised in that the first concentration level is 
in the range of 0.025%-0.3% and the second con- 
centration level is in the range of 0.3%- 1 .0%. 

45 

3. The method according to claim 1 . 
characterised in that the carbon source is methane 
gas. 

so 4. The method according to claim 1 , 

characterised in that the cartoon source concentra- 
tion is set to the second level after a thin film has 
been formed on the surface of the substrate to a 
thickness on the order of the substrate surface 

ss roughness. 

5. An apparatus for producing homoepitaxial diamond 
thin film by effecting plasma assisted CVD using a 



5 



9 



EP 0 918 100 A1 



mixed gas of a carbon source and hydrogen as a 
reaction gas to deposit honnoepitaxlal diamond Xh\n 
film on a surface of a substrate. 

the apparatus being characterised by 5 
a reaction chamber (12) for effecting plasma 
assisted CVD with a carbon source concentra- 
tion of the mixed gas set to a first bw level for 
depositing a high-quality homoepitaxial dia- 
mond thin film at a low film forming rate and io 
thereafter effecting the plasma assisted CVD 
with said carbon source concentration set to a 
second level higher than the first level, and 
a device (13. 14) connected to said reaction 
chamber for controlling the carbon source con- 
centration of the mixed gas. 

The apparatus according to claim 5, 
characterised in that the first concentration level is 
in the range of 0.025%-0.3% and the second con- 20 
centration level is in the range of 0.3%-1.d%. 

The apparatus according to claim 5, 
characterised in that the carbon source is methane 
□as. 
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